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Abstract 

A simple alternative to the usual Pati-Salam model is proposed. The model allows 
quarks and leptons to be unified with gauge group S't/(4) SU{2)l ® SU{2)r at a 
remarkably low scale of about 1 TeV. Neutrino masses in the model arise radiatively 
and are naturally light. 



In the standard SU{2)l ® U{X)y model of electroweak interactions quarks and 
leptons have many similarities. For example, there are three generations of quarks 
and three generations of leptons, with 2 quarks and 2 leptons in each generation. 
Furthermore both left-handed quarks and left-handed leptons transform as SU{2)l 
doublets while both right-handed quarks and right-handed leptons are SU{2) ^ singlets. 

The similarity of quarks and leptons may be due to a spontaneously broken exact 
symmetry. This symmetry if it exists could be either continuous^ or discrete]^. In 
the case where it is discrete, unification of quarks and leptons can occur at very low 
scales of around a TeVp, ^. If quarks and leptons are related by a continuous Pati- 
Salam type gauge symmetry it is usually assumed that this symmetry is broken at a 
very high scale M > 10^^ GeV which means that the idea cannot be tested directly 
in any conceivable experiment. However if there is no left-right symmetry then it 
is nevertheless still possible that the standard model is a remnant of a gauge model 
with Pati-Salam gauge symmetry broken at a relatively low scale of 1000 TeV or even 
less[^, 1^, 0]. The purpose of this letter is to point out that there exists an interesting 
alternative Pati-Salam type model which can be broken at a much lower scale of the 
order of a TeV. 

The gauge symmetry of the model is 

SU{4)^SU{2)L^SU{2)n. (1) 

Under this gauge symmetry the fermions of each generation transform in the anomaly 
free representations: 

Ql ~ (4, 2, 1), Qn ~ (4, 1, 2), h ~ (1, 2, 2). (2) 

The minimal choice of scalar multiplets which can both break the gauge symmetry 
correctly and give all of the charged fermions mass is 

XL ~ (4, 2, 1), xr ~ (4, 1, 2), ~ (1, 2, 2). (3) 

These scalars couple to the fermions as follows: 

= \iQlUlT'^2XR + ^2QRfLr2XL + hQ L(I)T2Q R + \iQL(p^r2QR + H.C., (4) 

where the generation index has been suppressed and (p^ = T2(f)*T2. Under the SU{3)c^ 
U{1)t subgroup of S't/(4), the 4 representation has the branching rule, 4 = 3(1/3) -|- 
1(— 1). We will assume that the T = —1, I^fi = —1/2 {I^l = 1/2) components of Xr{Xl) 
gain non-zero Vacuum Expectation Values (VEVs) as well as the I^l = I3R = ~l/2 and 
hL = hR = 1/2 components of the (p. We denote these VEVs by wr^l, ^1,2 respectively. 
In other words, 

{Xr{T = -1, hR = -1/2)) = wr, {xl{T = -1, hL = 1/2)) = WL, 

WSL = hR = -1/2)) = Ml, (0(/3L = hR = 1/2)) = U2. (5) 
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We will assume that the VEVs satisfy wr > ui^2,wl so that the symmetry is broken 
as follows: 



SU{4)®SU{2)L(E)SUi2) 
i {Xr) 

SU{3),®U{1)q 



(6) 



where Y = T — 2/3^ is the linear combination of T and I^r which annihilates (xr) (i-e. 
Y{xr) = 0). Observe that in the limit where wr S> wl,ui,U2, the model reduces to 
the standard model. The VEV wr breaks the gauge symmetry to the standard model 
subgroup. This VEV also gives large (electroweak invariant) masses to an SU{2)l 
doublet of exotic fermions, which have electric charges —1,0. We will denote these 
exotic fermions with the notation E~,E^. These exotic fermions must have masses 
greater than Mz/2 otherwise they would contribute to the Z width. Observe that 
the right-handed chiral components of the usual charged leptons are contained in Qr. 
They are the T = —IjI^r = 1/2 components. The usual left-handed leptons are 
contained in fi along with the right-handed components (CP conjugated) of E^,E~. 
It is instructive to write out the fermion multiplets explicitly. For the first generation, 



and similarly for the second and third generations. In the above matrices the first 
column of Ql (/l, Qr) is the hiihR) = ~l/2 component while the second column 
is the IsiihR) = 1/2 component. The four rows of Ql,Qr are the four colours and 
the rows of fi are the I^l = ±1/2 components. Observe that the VEVs wl,ui^2 
have the quantum numbers I3L = —1/2,Y = 1 (or equivalently I^l = 1/2,1^ = — 1). 
This means that the standard model subgroup, SU (3)c ® SU {2)i f/(l)y is broken to 
SU{3)c ® U{1)q in the usual way (with Q = I^^ + Y/2). 

Having established that the model is a phenomenologically viable extension to the 
standard model, we now comment on various features of the model. 

Observe that the model has the rather unusual feature that the scalar multiplets 
required to break the gauge symmetry and give the fermions masses have precisely the 
same quantum numbers as the fermion multiplets of a generation [compare Eq.(§) and 



Ql 





Eq.(l)]. 
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In the model the ordinary neutrinos are naturally light. The neutrino masses vanish 
at tree-level given the particle content of the theory. The model does however have a 
light singlet neutrino, u^. This electroweak singlet occupies the T = — 1,/3^ = —1/2 
component of the multiplet. Note however that with the minimal Higgs content, 
this field cannot couple to the ordinary left-handed neutrinos (at tree level). Observe 
that Majorana neutrino masses arise from the Wl,r gauge interactions at the one loop 
level. Assuming diagonal couplings and examining z/g for definiteness, the Feynman 
diagram for the i/g mass is shown in Figure 1. Calculating this finite 1-loop diagram 
we find that 



gRgLUiU2 



Ml - M^^ 



where gi^R are the SU (2) l^r gauge coupling constants and we have assumed that <^ 
M^r^. Clearly the neutrino masses are naturally light given that Mw^, Me ^ me,md. 

The gauge interactions of the model conserve an unbroken baryon number symme- 
try. This baryon charge is defined as B — B' + T where the B' charges of Ql, Qr, Xl,r 
are 1 and the B' charges of /l, are 0. The existence of the baryon number symmetry 
implies that protons and neutrons are absolutely stable in the model. 

Because the right-handed charged leptons belong to the same multiplet as the right- 
handed quarks there will be gauge interactions of the form 

C=^D],Wl^>^K''% + H.c., (9) 

where i,j = 1,...,3 are family indices, that is D]^ = dR,D\ = sji,Dj^ = bji, l}^ — 
^Rt^'r = /^-Rj^l', = '^R ^'^d W'^ are electrically charged 2/3 gauge bosons (which gain 
masses from xr at the first step of symmetry breaking). The matrix K' is a Cabbibo- 
Kobayashi-Maskawa type matrix. The most stringent bound on the symmetry breaking 
scale wr is expected to arise from Kl — > //^e^ decays. The decay K° — > /i~e+ 
arises from a Feynman diagram with a T-channel exchange of a W gauge boson. 
This diagram corresponds (after a Fierz rearrangement) to the effective four fermion 
Lagrangian density, 

Ceff = ^^7m(1 + ls)sfir{l + 75)e + B.C., (10) 

where Gx — V^gg{Mw')/SM^,. Using this effective Lagrangian it is straightforward 
to calculate the decay rate. We find, 

TiK'^ /.-e+) c ^Mj^ml (11) 
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where fx is the K meson decay constant, Mk is the K meson mass and we have 
assumed that the mixing matrix K-j is approximately diagonaL Evaluating the above 
equation we find that 

5r(if°-./i-e+)^10-^(^)'. (12) 

The current experimental bound, Br{K^ /^^e^) < 3.3 x 10^^^ p|, implies the limit 

Mw ~ 140 TeV, (13) 

assuming that the mixing matrix K'^^ is approximately diagonal. This bound is the 
most stringent bound on the model in the case where K'^^ is diagonal. However in the 
model there is no relationship between the charged lepton mass matrix and the quark 
masses. Indeed, in the model they are proportional to the VEVs of different scalar 
multiplets and have independent Yukawa couplings. One consequence of this is that the 
mixing matrix K'^^ connecting the right-handed quarks with the right-handed leptons 
is theoretically unconstrained (except of course, for the unitrary requirement). For 
example, the W could couple sr predominately with (this possibility was discussed 
in the context of the usual Pati-Salam model in Ref.0). If this is the case then 
decays do not give any stringent bounds on the model. In order to explore this scenario 
further, we will assume for definiteness that W couples sr with tr, (Ir with cr and hR 
with 11 R. This corresponds to a K'^^ matrix of the form 



K' 



/ 1 

1 I . (14) 
V 1 



Of course it would not seem natural for the zero elements of this mixing matrix to 
be exactly zero. However we will assume that they are zero to illustrate a point. In 
the case of the usual Pati-Salam model with the anzatz Eq . (|T^ , the most stringent 
bound on M^' comes from the W contribution to the decay 7r+ c^vl^. This 
process leads to a quite stringent bound of My^i ~ 250 Tel^[^] for that model. This 
bound arises by calculating the interference term between the amplitudes arising from 
the standard model contribution and the Pati-Salam contribution. However the decay 
TT"^ e^v does not provide a stringent constraint for the alternative Pati-Salam model. 
There are two reasons for this. First, the W mediates the decay 7r+ c^ur (rather 
than 7r+ e'^Vh)- Because the final state is distinct from the standard model process 
TT"*" e^i^Li there will obviously be no interference term between the amplitudes of the 
two processes. Second, the W of the alternative model only couples to right-handed 
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quarks and leptons. This means that the decay tt~^ — > e^UR is hehcity suppressed by a 
factor ml /ml (which is also the case for the standard model contribution). In fact, 



r(7r+ ^ e+un) _ G\ 
T(tt+ c+vl) ~ G 



(15) 



where Gi;' is the usual Fermi constant. The above contribution to 7r+ e^u decay 
leads to a violation of lepton universality and implies a small modification to the ratio 
R where R = T{n+ e+z/)/r(7r+ ^ ji+u). Using a^iMw') ~ 1/10, we find, 

6R , .^-AfTeV\ 



— ~ 4 X 10 , _ 
R VM, 

The theoretical prediction for R agrees within errors to the experimental measurement 
and thus Eq.(|r^) can be compared to the experimental error 6R/R ~ 0.003 Clearly 
then, 7r+ decay does not lead to any significant bound for the model. 



A more stringent bound on the model [assuming the ansatz Eq.(n)] arises from the 
W mediated rare B'^ decay, 5° —>■ ^~e^ . In the case of the usual Pati-Salam model 
with the ansatz Eq.(14), the bound Mw' ~ 16 TeV was derived in Ref.|H|. However 



in my model the bound arising from this process is much less stringent. The main 
difference is that the W of the usual Pati-Salam model couples vectorially where as 
the W of the alternative Pati-Salam model couples only to right-handed quarks and 
leptons and 5° decays will be helicity suppressed by a factor ~ mi /M|. In fact the 
width for the decay 5^ /i~e+ [assuming the ansatz Eq. (|T^) ] is given by Eq.(|TTD with 
the replacement K ^ B. Evaluating the resulting equation we find that 

Bt{B', /.-e+) ^ 3 X 10-^ (^)' . (17) 

The current experimental bound, Br{B^ —>■ yU^e^) < 6 x 10^^ f^, implies the limit 

Mw ~ 800 GeV. (18) 

If the W gauge boson is light, then how large can the zero elements of K'^j be? The 
most stringently constrained element is the K'^^ entry [which is the element of 

Eq.(|14D]. This entry is constrained to be K'^^ ~ 10^^ if Mw ^ 1 TeV given the 
experimental bound Br{K]^ — >• fi'^e^) < 3.3 x 10~^^[||. 

Note that so-called vector lepto-quarks have been studied which have similar proper- 
ties to the W gauge bosons[^. However it is usually assumed that vector lepto-quarks 
must couple to only one generation if they are to be light enough to be seen in col- 
lider experiments. One result of this paper is that it is possible to have light vector 
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lepto-quarks coupling chirally to all three quarks and leptons. Furthermore, the model 
provides a concrete renormalizable framework where vector lepto-quarks with chiral 
couplings are gauge fields and may thus be fundamental particles. 

In addition to the exotic W gauge bosons, the model contains and Z' gauge 
bosons. The exotic gauge boson mass matrix arises from the Lagrangian density terms 
(in the limit where wr ^ wl,ui^2) 

C={D^{Xb))^D^^{Xh). (19) 

where the covariant derivative is given by 

D, = d, + ig.GlK + i9LWl^rl/2 + ignW'j,^Ty2, (20) 

where a = l,...,15,z = 1,...,3 and G^, IV^^, Wr^ (A„ ri/2, 4/2) are the 5f/(4), 
SU{2)l, SU{2)r gauge bosons (generators) respectively. By examining the exotic 
gauge boson mass matrix Eq.(|l^), it is possible to obtain the usual weak mixing angle, 
sin 6*^ = e/gi, as a function of the couplings gs,gL,gR- We find that 

^;^2n (n. ^ gl{Mw')gl{Mw') , . 

^'^ ^7KMH.O^?l(MH.O+^7KMH^')^?i(MH/0 + |^?i(MH^')^?l(MH.O' ^ ^ 

Assuming that sin^ 6'^(Mvy/) ~ 1/4 which is appropriate for M^y ~ 1 TeV, Eq. (^TD 



implies that g^^Mw') — giiMw')/ V^- Also it is easy to show that Mw/ ~ y2/3Mz 
{Qs/ 9r)Mwr- Furthermore the Z' gauge boson couples to fermions via the interaction 
Lagrangian density, 

£ = -gsZ'^J^, (22) 

where the current is given by 

J/^ = ^IjQ'^i'ip. (23) 

In the above equation, the summation of fermion fields is implied and the generator Q' 
is given approximately by 



<3'-i/lfr + i|/3B). (24) 



where we have again assumed that sin^ 6yj[Mwi) ~ 1/4. From the contributions of the 
Z', to low energy experiments, a limit of M^/, Miy^ ~ 0.5 — 1 TeV is expected |pil . 
Thus, we argue that the model is quite weakly constrained given that the exotic sym- 
metry breaking scale can be as low TeV or so. 

The model contains scalar lepto-quarks which could be relatively light (e.g. a 
few hundred GeV). In particular xl contains SU{?>)c triplet SU{2)i doublet scalars 
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coupling the left-handed leptons with the right handed d type quarks. From Eq.(|D, 
we can deduce that 

C^ = \2dRLLX + H.c., (25) 

where x is the colour triplet component of xl, and L]^ = {u^, ei)'^ . Note that x-typs 
lepto-quarks coupling to dR with masses of around 200 GeV have been put forward 
as a possible explanation of the excess high Hera events 1 11]. (However, the Hera 



anomaly is only a 2-3 sigma excess and may disappear when more data is taken). 

Observe that the Yukawa Lagrangian density, Eq.(|) implies that the right-handed 
charged leptons will mix slightly with the E~ exotic fermions. For one generation, the 
mixing has the form, 

Cmass = {e,E,) ( , ^^7^, / ](?)+ H.c. (26) 

Note however that this mixing is expected to be small because ui^2 ^ wr [given the 
bound Eq.(|l^)]. Because the exotic E~ fermions do not have canonical Z couplings, 
the mixing will induce small flavour changing neutral current (FCNC) couplings in the 
general case of three generation mixing. The mixing will be constrained by processes 
such as fi~ — >• e~^e~e~. 

Finally, I would like to comment briefly on a cosmological issue. Within the context 
of the standard big bang model, the phase transition at the temperature scale T ~ 
Wr will generate monopoles. Monopoles occur because a semi-simple gauge theory is 
broken down to a gauge symmetry with a f/(l) factor. Monopoles in the early Universe 
can be a problem if they are too abundant. This issue has been examined in Ref. 
for the case of the usual Pati-Salam model broken at a low scale. It was concluded 
that there is no problem if the symmetry breaking scale is low, which is the case that 
is being considered in the present paper. 

In conclusion, an alternative Pati-Salam type gauge model has been proposed. The 
model allows quarks and leptons to be unified with gauge group S'[/(4) ® SU{2)l ® 
SU{2)r at a relatively low scale. We argue that present data does not constrain this 
model very stringently (c.f. the usual Pati-Salam model). As a consequence the exotic 
gauge boson masses (and thus the symmetry breaking scale) can be as low as about 1 
TeV. Neutrino masses arise radiatively in the model and are naturally light. 
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Figure Caption 

Figure 1: 1-loop Fcynman diagram which leads to small electron neutrino Majorana 
mass. There will be similar diagrams for the other neutrinos. (The WlWr mixing 
mass squared is obtained from C = (L>^(0))^L>''(0) and is given by //^ = gR9LUiU2)- 
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